Introduction
Since the beginning of the application of NMR in chemistry it has been used for quantitative determination of reaction rate constants [1] [2] [3] [4] . The theory and reams of examples for exchange rate measurements by NMR can be found in books [5] [6] [7] [8] review articles [9] [10] [11] [12] . The origin of success of NMR in the determination of reaction rate constants is certainly that it offers a variety of different experimental techniques based on relaxation studies, line shape analysis or simply recording spectra as a function time. Reactions with half-life of less than 10 −9 s can be followed as well as reactions lasting for days or weeks [13] . A special feature of NMR is its possibility to study symmetric reactions like exchange reactions where starting materials and products are identical. Solvent exchange studies are prominent examples of such reactions. Nearly all water exchange rate constants on metal ions have been measured by NMR, mostly as a function of temperature but many of them also as a function of pressure to elucidate the mechanism of the reaction [14] . In this review, I would like to illustrate some less common NMR techniques using 1 H and other uncommon nuclei for NMR measurements. Our research group has been involved in the last decade in studies of solvent exchange and complex formation of technetium and rhenium compounds, work that has mainly been performed in collaboration with the groups of Roger Alberto (University of Zürich) and Roger Schibli (ETH Zürich).
The development of radiopharmaceuticals for diagnosis and treatment is an important research field of radiochemistry. Synthesis and characterization of radiolabelled compounds for imaging and therapy has strongly expanded over the last decade [15] [16] [17] [18] [19] . An important isotope for radioactive imaging agents is 99m Tc and there is a strong interest in the development of new labelling techniques using this short-lived isotope. The use of the water-soluble tricarbonyl trihydrate technetium(I) cation, fac-[(CO) 3 Tc(H 2 O) 3 ] + , as building block has allowed to synthesize a series of new, promising compounds [20] [21] [22] [23] [24] . Because the majority of compounds that have been labelled with 99m Tc can also be labelled with 186 Re or 188 Re these complexes form couples that can be used for diagnosis (Tc) and therapy (Re) [20] . The three isotopes mentioned can be obtained from generator systems and have a half-life ranging from 6 h ( 99m Tc) to 69 d ( 186 Re) (Table 1) [25, 26] . Although no stable isotope of technetium exists its chemistry can be performed without severe radiation protection because the most stable isotope, 99 Tc, has a half-life of 2.11 × 10 5 years and is a weak ␤ − emitter without accompanying ␥-radiation. This permits the handling of small amounts of 99 Tc in normal glassware like NMR tubes, since the ␤ − particles are shielded by even thin walls. Secondary X-rays become important only with larger amounts of 99 Tc [26] . Rhenium is found in nature as a mixture of two isotopes, 185 Re, which is stable, and 187 Re, which is a weak ␤ − emitter with a very long half-life of 4.35 × 10 10 years ( Table 1) .
The technetium isotope used for imaging, 99m Tc, is obtained from a 99 Mo generator [16] and has a relatively short life time. Therefore, the chemistry for preparation of the radiopharmaceuticals has to be fast, simple and lead to a high final purity. In a first step a stable but reactive precursor is prepared in aqueous solution from [ 99m TcO 4 ] − [27] . From this precursor a complex has to be formed which has no structural or metalbased reactivity. Since its first synthesis fac-[(CO) 3 Tc(H 2 O)] + [28] became one of these precursors and a large number of substitution products have now been synthesized and structurally characterized [20, [29] [30] [31] [32] [33] [34] . Understanding reactivity and mechanisms of substitution of the three labile water molecules became an important issue especially in the context of synthesis of similar technetium and rhenium complexes. Manganese as the first member on the group 7 of the periodic table also forms tricarbonyl complexes in aqueous solution and it became evident to compare water exchange and complex formation of these three transition metal compounds.
Water exchange on fac-[(CO) 3 M(H 2 O)] + (M = Mn, Tc, Re)
A common issue of all tricarbonyl aqua complexes of group 7 elements is that the three water molecules are labile and the three carbonyl molecules are inert [20] . In reactions leading to radiopharmaceutical compounds the water molecules are replaced by one or more ligands forming stable products. Knowledge of the water exchange rate constant is therefore an important issue in the prediction of complex formation reactions. Water exchange on metal ions and metal ion complexes can in general not be measured by 1 H NMR. The two main reasons for that are: (1) that H 2 O binds via the oxygen atom to the metal and NMR properties like chemical shift and relaxation are most influenced on the close atom, and (2) very often and dependent on the acidity of the solution protons exchange is faster than exchange of the water molecule itself. A major drawback of this is that oxygen has only one isotope with a nuclear spin, oxygen-17, which has a very low natural abundance of 0.038% and a spin 5/2 and therefore a nuclear electric quadrupole moment leading to relatively broad NMR resonances [35] . In most cases work is performed using isotopic enriched samples.
In the case of slow exchange of water molecules, the 17 3 ] + is sufficiently large to allow direct observation of bound water (Table 2 ) [36] . The resonance of free H 2 O is however several hundred to thousand times more intense, depending on the concentration of the complex in solution (Fig. 1) . In many cases this intense signal has to be suppressed or at least strongly reduced. Solvent peak suppression is a common technique in 1 H NMR especially if NMR is coupled to HPLC or in aqueous solutions of bio-molecules. In 17 O NMR pulse sequences like Watergate or DANTE based techniques do not work because of the short T 1 of ∼6 ms of bulk water. A short pulse sequence like the binomial 1-3-3-1 sequences proposed by Hore [38, 39] works however well and can be used in many cases (Fig. 1, insert) .
A chemical way to get rid of the bulk water signal is to add a relatively high concentration of a strong paramagnetic ion with fast water exchange like Mn 2+ . Adding for example 0.1 mol kg −1 of Mn 2+ broadens the bulk water peak to several tenth of kHz so that it becomes a broad hump and disappears in the baseline [40, 41] . The broadening depends on the magnetic Fig. 1 3 ] + is on one hand fast enough to produce a line broadening of the resonance of bound water in 17 O NMR and on the other hand slow enough to give two well resolved 17 O NMR signals corresponding to bound and free water (Fig. 1) [36] . The transverse relaxation of the 17 O nucleus in the bound state is obtained from the observed line-width at half height ( ν 1/2 ) by 1/T 2obs = π ν 1/2 . Line broadening due to magnetic field inhomogeneity can in general be neglected. In the slow exchange limit 1/T 2obs is the sum of the exchange rate constant, k ex , and the transverse relaxation rate of 17 O which is dominated by quadrupolar relaxation, 1/T 2Q (Eq. (1)):
The inverse of k ex is the mean residence time, τ m , of water molecules in the first coordination sphere of fac-[(CO) 3 Mn(H 2 O) 3 ] + . Therefore, k ex is the exchange rate constant of a particular water molecule [42] . Increasing the temperature will increase k ex and decrease the relaxation rate 1/T 2obs . (Eqs. (2) and (3))
At high temperatures the small signal of bound water becomes broad and overlaps considerably with the huge signal of free water. Furthermore, at T > 323 K and increasing pH the compound decomposes slowly forming strongly paramagnetic Mn 2+ which itself broadens the free water signal strongly. This decomposition has however no influence on the line-width of bound water and therefore on the measurement of k obs . To be able to measure 1/T 2obs accurately the free water signal has been suppressed using the 1-3-3-1 pulse sequence [38, 39] . If the complex undergoes hydrolysis, the water exchange will also take place on the hydrolyzed species [(CO) 3 Mn(H 2 O) 2 (OH)] and the observed rate constant is given by Eq. (4) [43] :
where k ex is the water exchange rate on fac-[(CO) 3 Mn(H 2 O) 3 ] + and k 2 is the rate on the hydrolyzed compound. At high temperatures where k obs is dominating experimental 1/T 2obs values are independent on acidity over a range of pH 1-6 in the case of manganese(I) (Fig. 2) . The exchange pathway via the hydrolyzed species can therefore be neglected in the data analysis. However, the quadrupolar relaxation increases with pH and therefore individual 1/T 298 2Q (Eq. (2)) have to be used in the data analysis. This variation is most probably due to changes in the composition and viscosity of the solutions because the activation energy E Q (20.5 ± 1 kJ mol −1 ) is not affected. The water exchange rate k ex is best defined at 1000/T ∼ 2.9 K −1 : k 343 ex = 1220 ± 40 s −1 where the measured 1/T 2obs is largely dominated by k obs [43] . 3 3 ] + in natural abundance water the enrichment of bound water with 17 O can be followed by NMR (Fig. 3) [36] . To get a reasonable signal of bound H 2 17 O in a short time (2.9 s) a relatively high enrichment in the final solution has to be achieved. Furthermore, because the experiment is performed at low temperature both components to be mixed have to be prethermostated using a special device [44] . The integrals of the peaks can be fitted to Eq. (5). χ ∞ is in this case the mole fraction of coordinated H 2 
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The exchange rate constant fitted is k 277 ex = 0.044 ± 0.002 s −1 corresponding to a half-life of 16.8 s. Exchange rates have been measured at pH 1.4 and 4.3 and were found independent on acidity.
Measuring k ex for fac-[(CO) 3 Tc(H 2 O) 3 ] + at higher temperatures is very difficult: the rates are too fast for isotopic enrichment experiments. The line shape of H 2 17 O bound to Tc I is in principle a decuplet due to coupling to 99 Tc (I = 9/2). Experimentally observed is an 17 O NMR line shape which changes from a large bump at higher temperatures to an "M" shaped signal and an almost rectangular shape at lower temperature (Fig. 4) [43] . In the case of coupling to a nucleus with an electric quadrupole moment (I > 1/2) the shape of the multiplet is influenced by the relaxation of that nuclear spin due to quadrupolar relaxation [45] . If the nuclear quadrupole moment is large as for example for 55 Mn and 185/187 Re quadrupolar relaxation of the metal nuclear spin is fast. The multiplet of the observed 17 O spin collapses completely and a single Lorentzian line shape is observed despite the coupling. 99 Tc has the smallest quadrupole moment of the metals studied which together with the relatively symmetric environment in fac-[(CO) 3 Tc(H 2 O) 3 ] + leads to a relatively slow relaxation of 99 Tc and therefore coupling can be observed. Besides relaxation of the metal nuclear spin the residence time in the bound state of the observed nucleus, τ m , also influences the observed line shape. Because this residence time is simply the inverse of the exchange rate constant, τ m = 1/k ex the line shape of the 17 O signals of bound water can be used to determine k ex . Parameters influencing the line shape of the observed 17 O resonance (Fig. 4) (1)- (3)) allows a precise determination of k ex (k 298 ex = 0.49 ± 0.05 s −1 ) and its activation parameters H ‡ (78.3 ± 1 kJ mol −1 ) and S ‡ (+11.7 ± 3 J K −1 mol −1 ) (Fig. 5 ). This example nicely illustrates that combining different NMR techniques sometimes allows extending the temperature range accessible experimentally for measuring k ex .
Water exchange on fac-[(CO) 3 Re(H 2 O) 3 ] +
Water exchange on fac-[(CO) 3 Re(H 2 O) 3 ] + is much slower than on its technetium analogue and therefore isotopic enrichment experiments allow to measure k ex not only at low temperature (Fig. 6 ) [46] . These experiments are often very time-consuming and expensive because considerable amounts of enriched H 2 17 O (10% enrichment) have to be used. Exchange rates measured at variable temperature are shown in Fig. 7 and the corresponding activation parameters are H ‡ = 90 ± 3 kJ mol −1 and S ‡ = +14 ± 10 J K −1 mol −1 (k 298 obs = (5.4 ± 0.3) × 10 −3 s −1 ). The larger errors on the fitted parameters reflect the smaller temperature range available if compared for example to those determined for the Tc analogue. Table 3 Selected kinetic data and mechanisms of water exchange for aqua complexes of Cr(0), W(0), Mn(I), Tc(I), Re(I), Ru(II),
[(CO) 3 
The observed exchange rate constant k obs is given by Eq. (4) and a linear relation of k obs versus [H + ] −1 is expected. The experimental data confirm this linear dependence (Fig. 8) and k ex and k OH can be determined if K a is known. Taking log K a = −7.5 from literature [47] k ex = (6.3 ± 0.1) × 10 −3 s −1 and k OH = 27 ± 1 s −1 are obtained. These results show that at pH < 2.5 exchange proceeds mainly on fac-[(CO) 3 becomes predominant for water exchange on tricarbonyl Re I .
Water exchange on fac-[(CO) 3 M(H 2 O)] + -comparisons
Comparing water exchange rate constants for tricarbonyl aqua ions of group 7 metals shows that k ex is strongly decreasing when going down the group. Including the data available for the Cr, W and Ru homologues, the same trend is observed in group 6 ( 6 ] 3+ aqua ions [48, 49] , where the increase in bond strength leads even to a change in the water exchange mechanism from I d to I a [50] . The electrostatic interaction is influencing the metal water bond strength which is also clearly visible in the increased activation enthalpies, H ‡ , for the water exchange (Table 3) and certainly also contributes to the slower water exchange rates on fac-[(CO) 2 13 CO in a 10 mm NMR sapphire tube [52, 53] . The CO exchange was monitored by 99 Tc NMR (Fig. 9) [54] . Substitution of the NMR coupling silent 12 CO by one, two or three NMR coupling active 13 CO led to the successive appearance and disappearance of various multiplets. In addition, each substitution of one 12 CO by one 13 CO causes an isotopic shift of δ = −1.05 ppm per carbon mass unit.
The mole fractions of the different isotopomers as a function of time are obtained by fitting sums of singlets, doublets, triplets and quartets to the experimental spectra. Using a mathematical description developed for complex formation [55] 12 CO are shown in Fig. 10 [54] . The fitted rate constants are k CO = (10.0 ± 0.2) × 10 −4 s −1 M −1 (T = 310 K) and k CO = (0.82 ± 0.01) × 10 −4 s −1 M −1 (T = 277 K). A comparison with water exchange rates shows that exchange of carbonyls is two to three orders of magnitude slower than the exchange of water molecules confirming the kinetic inertness of the [(CO) 3 Tc] moiety. 6 Ten years ago Ziegler published DFT calculated 13 3 ] + has been kept in a sapphire NMR tube under ∼5 MPa of 13 CO for about 3 weeks at room temperature. The 99 Tc NMR spectrum recorded after that time showed besides the quartet at −867 ppm due to fac-[( 13 CO) 3 Tc(H 2 O)] + three signals at lower frequencies (Fig. 11) . The septet at δ = −1961 ppm clearly shows that [Tc( 13 CO) 6 ] + is present in the sample. The additional peaks at δ = −1050 and −1418 ppm are much broader and do not show any multiplet structure. From the assumption that each CO replacing a water molecule shifts the 99 Tc to lower frequency the signals were attributed to [(CO) 4 [54] . The broadening of the NMR signals of the quadrupolar 99 Tc is probably due to the reduction of symmetry on the Tc-centre, increasing therefore quadrupolar relaxation of 99 Tc [57] .
Replacement of H 2 O by CO, formation of Tc(CO)
The 13 C spectrum of the same sample exhibits after releasing 13 CO pressure two decuplets at δ = 209.7 and 190.2 ppm (Fig. 12) 6 ] + disappears slowly within 2 days at room temperature [54] . Alberto [58] suggests that once one CO is replaced by a water molecule two other CO's are cleaved rapidly following Fig. 13 .
Oxygen exchange on fac-[(CO) 3 Mn(H 2 O) 3 ] +
If a tricarbonyl complex is dissolved in water the carbonyl oxygen exchange very slowly with water oxygen as it has been observed on hexacarbonyl ions, for example [59, 60] . A quantitative study using 17 [43, 61] . To be able to follow the increase with time of the C 17 O signal after dissolution of the un-enriched complex in 17 O enriched water the huge signal of bulk water had to be depressed (Fig. 14) [38, 39] . Manganese(I) in fac-[(CO) 3 Mn(H 2 O) 3 ] + is slowly oxidized and the complex decomposes forming Mn 2+ aqua ions. As already explained above, water exchange on these very paramagnetic ions is fast and the peak of bulk water broadens more and more on consecutive spectra as Mn 2+ concentration is increasing. However, a quantitative analysis of 17 O exchange on CO is still possible due to the peak of water bound to Mn I serving as reference for integration of the peaks. The increase in time of the relative signal intensity I(t)/I ∞ is given by Eq. (5). The exchange rate constant for CO-oxygen is k C*O , x ∞ is the mole fraction of bound oxygen (<1%), and I ∞ , the integral at equilibrium, is equal to the integral of bound water. Due to the slow oxidation of Mn I the exchange reaction could only be followed for about 19 h which is less than one half-life for the exchange reaction (Fig. 15 ). However, a relatively precise determination of k C*O , was possible because I ∞ is known from the 17 O signal of bound water. The exchange rate determined at 338 K is 4.3 × 10 −6 s −1 corresponding to a half-life of ∼45 h [43] and the reaction is assumed to proceed via the formation of a metallacarboxylic acid [61] .
Complex formation reactions on fac-[(CO) 3 M(H 2 O) 3 ] +
Tricarbonyl complexes of Tc I and Re I are interesting precursors for radiopharmaceuticals because the three water ligands can readily be replaced by incoming ligands and a large number of compounds have been synthesized and characterized [18, 20, 21, 23, 24, 29] . Both M I centres bind a variety of ligand atoms like nitrogen, phosphorous, oxygen and sulfur. Because the half-life of the radioisotopes used in radiopharmaceuticals are in general short, the preparation of the complexes must be fast and complete. Therefore, knowledge of kinetics and mechanism of complex formation of fac-[(CO) 3 M(H 2 O) 3 ] + with a diversity of ligands with different binding atoms is important (Fig. 16) .
Monodentate ligands like acetonitrile or DMS can replace successively all three water molecules as can be shown by 1 H NMR (Fig. 17) 2.81 ppm) appear after several hours. Once equilibrium is established the thermodynamic equilibrium constants of successive complex formation, K 1 , K 2 and K 3 , can be determined from integration of the NMR signals. As an example, for the complexation of the Re I compound with DMS the following constants have been determined (T = 298 K): 8. [62] . In this example, where 1 H resonances are not overlapping and the kinetics is slow, all rate constants for formation and dissociation can be determined. Three formation rate constants k f,i (i = 1-3) and the equilibrium constants K i characterize the three reactions (Eq. (8)).
Assuming second-order kinetics, the variation of the concentrations of all observed species can be calculated as functions [62] . In this simultaneous fit the ratios of k f,i and k r,i have been fixed to the equilibrium constants K i determined after full equilibration.
In the case of complex formation of DMS and acetonitrile with fac-[(CO) 3 99 Tc NMR spectrum at −907, −1023 and −1230 ppm (DMS) and −911, −981 and −1098 ppm (CH 3 CN) corresponding respectively to the mono, bi, and tri complexes (Fig. 19) [43] . Whereas the signals at −907 and −1023 ppm are relatively broad, the peak at −1230 ppm is again sharp similar to the peak of the triaqua complex at −868 ppm. This is a smart illustration of how the higher symmetry of the "tri complexes" compared to the "bi complexes" affects the quadrupolar relaxation of the 99 Tc nucleus leading to slower relaxation rates. The complex formation of DMS with fac-[(CO) 3 Mn(H 2 O) 3 ] + is too fast to be studied by looking on the increase with time of peaks in the 1 H NMR spectrum. In case of excess of DMS, complexes with one, two and three DMS molecules are formed (Fig. 20) [36] . Increasing temperature leads to broadening of the free and bound DMS signals due to exchange. A study of formation of bi and tri complexes by line broadening of 1 H resonance is impossible due to the overlap of the broadened peaks and due to the problem of separation of the broadening effects from different reactions. 
Furthermore, the ratio of both residence times is equal to the ratio of the mole fractions, x L and x ML , of both species in solution Eq. (10):
and
The equilibrium constant K 1 can be determined from integration of the peaks and independently from the ratio of the rate constants k f,1 /k r,1 measured from line width. Fig. 21 shows that the results are in agreement. The second order rate constant Complex formation reactions on group 7 tricarbonyl triaqua complexes have been studied for DMS and CH 3 CN and thermodynamic and kinetic data are available (Table 4) [43, 46] . For all three metals, complexes are less stable with CH 3 CN than with DMS. This difference decreases when going down the group 7, mainly because the stability of the DMS complex decreases. The higher affinity for the S-binding DMS compared to the Nbinding CH 3 CN is also visible by the slightly faster substitution of water by DMS. The substitution rate by DMS is ∼4 times larger than that by CH 3 CN in the case of Mn I but only 1.5 and 1.2 times larger for Tc I and Re I , respectively.
A comparison between the second order complex formation rate constant, k f,1 , and the water exchange rate constant, k ex , is possible if the Eigen-Wilkins model [63, 64] for substitution mechanisms on octahedral complexes is considered. In this model, it is assumed that the formation of an encounter complex is diffusion controlled and thermodynamically quantified by the equilibrium constant K os . The next step in this reaction scheme consists of the exchange between ligands in the first and the second coordination spheres of the metal and its rate constant, k i , is rate determining for the whole reaction. The overall rate of the complex formation is therefore k f = k i K os .
To be able to compare the water exchange rate constant k ex to k i a statistical factor f/n c has to be considered [55] , where f is the number of molecules in the second coordination sphere and n c is the number of equivalent water molecules in the first sphere. The rate constants to compare are therefore k ex and k i (Eq. (11)):
whereas the value of n c = 3 is evident in fac-[(CO) 3 M(H 2 O) 3 ] + compounds the value for f is less clear and a value of f = 12 is generally assumed [55] . The values of K os can be estimated with the Fuoss-Eigen equation [65, 66] and typical values are 0.24 M −1 for neutral ligands and 1.1 M −1 for oppositely charged ligands. As can be seen from the values in Table 5 k i and k ex are of the same order of magnitude with at most a factor of 4 difference in the case of DMS.
The most rate and equilibrium constants on complex formation on tricabonyl metal triaqua complexes are available on fac-[(CO) 3 Re(H 2 O) 3 ] + [46, 62] . A series of N-and S-bonded ligands, neutral and negatively charged ligands have been studied (Table 5) . A slight dependence of substitution rates on the chemical nature of incoming ligand is observed. The softer S-bonded ligands have a little faster complex formation than for example the O-and N-bonded ligands, a trend which is even more marked if the interchange rate constants from the Eigen-Wilkins model, k i , are compared.
An interesting feature of the complex formation of fac-[(CO) 3 Re(H 2 O) 3 ] + with the ligands studied is the strong increase in the rate constant for the back reaction, k r,1 [62] . From the pyrazine (Pyz) ligand to Br − it increases by nearly three orders of magnitude (Table 5 ). This marked leaving group effect represents the changing nucleofugal ability of each species, which is inversely related to their basic character [62] . Bromide with a pK a (HBr) = −4.7 is the fastest leaving group and Pyz with pK a (Pyz) = 0.6 is the slowest one. Since k f,1 barely changes between ligands the change in equilibrium constant K 1 = k f,1 /k r,1 originates from the change in k r,1 . A plot of log k r,1 versus −log K 1 gives a straight line with a slope close to 1 (0.93 ± 0.07) (Fig. 23) [62] . Langford pointed out that a slope of 1 for the straight line indicates that the nature of the leaving group in the transition state is about the same as that in the product, namely a solvated species, one could conclude to a dissociatively activated mechanism for complex formation on fac-[(CO) 3 Re(H 2 O) 3 ] + . However, because the constant of formation, k f,1 , is not completely independent on the incoming ligand, L, the complex formation reaction cannot be totally insensitive to the nature of L. To take into account the effect of charge of L the equilibrium constant of the interchange step K 1i = k i /k r,1 = K 1 /K os could be used in the free energy relationship (Fig. 23) . The slope decreases to 0.73 ± 0.06, which is less indicative of a dissociative character of the substitution.
The water exchange rate k ex is close to all interchange rate constants k i , revealing that the rate of complex formation might be limited by the Re-H 2 O bond-breaking. Langford and Gray [67] define an I d mechanism as the one with greatest influence of the leaving group and an I a mechanism with the highest sensitivity toward the nature of the entering group. It is therefore difficult to decide on the mechanism only from the rate constants for different ligands. Activation volumes, V ‡ , measured from pressure dependence of the rate constants, are generally considered as important parameters for corroboration of reaction mechanisms [12, 13] : negative V ‡ are indicative for an associative activation mode and positive V ‡ for a dissociative one. Activation volumes measured range from negative values for the S-bonded ligands DMS and THT ( V ‡ = −12 and −6.6 cm 3 mol −1 , respectively) to a positive value for the N-bonded Pyz ( V ‡ = +5.4 cm 3 mol −1 ) [43, 62] . The mechanism of complex formation of fac-[(CO) 3 Re(H 2 O) 3 ] + seems to change from I d , for the harder Pyz, occurring when discrimination between water and entering ligand is poor, to I a for the softer DMS and THT which are the best nucleophiles (Fig. 24) . Activation volumes on complexes of the harder metal centre Mn I are positive ( V ‡ = +4.2 and +4.2 cm 3 mol −1 for CH 3 CN and DMS, respectively) and clearly indicative for an I d mechanism to operate.
Reactions on fac-[(CO) 2 (NO)Re(H 2 O) 3 ] 2+
Besides the tricarbonyl precursors fac-[(CO) 3 M(H 2 O) 3 ] + another interesting class of molecules can be obtained by replacing one CO ligand by NO + [68] [69] [70] [71] . Compared to the Table 4 Thermodynamic and kinetic parameters for water substitution on fac-[(CO) 3 Fig. 25) [72] . The peaks were assigned to two CO ligands, one H 2 O trans to NO and two H 2 O cis to NO. The signal of bulk water disappeared due to addition of strongly param- agnetic Mn 2+ . No signal due to NO-oxygen could be detected with and without Mn 2+ probably due to extremely slow oxygen exchange on nitrosyl even in acidic solution [72] .
Water exchange on cis and trans position is slow and could be followed by isotopic enrichment. After injection of water 20% enriched in 17 
containing Mn 2+ the increase in signal intensities of bound water and CO has been monitored as a function of time (Fig. 26) . Clearly, the exchange of the water molecule trans to NO is faster than the two water molecules cis to NO. Under the experimental conditions given in Fig. 26 3 ] + (pK a = 7.5) [47] . The value calculated from the acidity dependence of k obs is lower than the pK a calculated from the acidity of a 1 mM solution of the complex (pK a = 2.96) [69] .
From Fig. 26 it can be seen that oxygen enrichment on CO is faster than water exchange on fac-[(CO) 2 (NO)Re(H 2 O) 3 ] 2+ . The acid dependence of k C * O obs has been analyzed with equations similar to Eq. (5) (Fig. 28) . Fixing K a to the value determined from the water exchange (pK a = 1.2), exchange rate constants for oxygen exchange on fac-[(CO) 2 [43, 61] and [(CO) n Ru(H 2 O) 6 −n ] + [37] . 
Complex formation on fac-[(CO) 2 (NO)Re(H 2 O) 3 ] 2+
The triaqua complex fac-[(CO) 2 17 O NMR [36] . Two new signals of about 1:1 ratio started to rise within 10 h after mixing (Fig. 29,  red) . The water molecule trans to NO being the most labile and therefore the first to be replaced, the new signals have been assigned to [(CO) 2 (Fig. 30) . Considering the six possible mono, bi and tri bromide species (including all possible isomers) at most eight CO and seven H 2 O signals can be expected in the 17 O NMR spectrum (free water being suppressed by Mn 2+ ). The spectrum recorded (Fig. 30) shows that nearly all possible complexes have been formed after 14 d.
Concluding remarks
The first concern of this review was to present several experimental NMR techniques to study ligand exchange and complex formation reactions of fac-[(CO) 3 2+ . It has been shown that sometimes combinations of techniques applied at variable temperature or variable pressure allowed to measure exchange rate constants and their activation parameters as well as thermodynamic parameters. Furthermore, the uses of uncommon nuclei for NMR like 17 O or 99 Tc extends considerably the range of applications especially in aqueous solutions when 1 H NMR is often not very useful.
The second concern of this paper is to give a short overview on kinetic studies performed on tricarbonyl triaqua complexes of technetium(I) and rhenium(I) which became precursors for a variety of radiopharmaceuticals under development. It has been shown that the fac-[(CO) 3 M] unit is kinetically inert and that water molecules bound to it can be replaced easily. Reactivity of the Re I complexes is one to two orders of magnitude slower than its Tc I analogues. Furthermore, it shows a marked acidity dependence which has not been observed for Tc I and Mn I species.
